Heavy metal pollution has become one of the most serious environmental problems. The aim of this study was to achieve an efficient treatment process of effluents containing 1 mM copper (Cu 2+ ) and cadmium (Cd 2+ ) ions using a combination of gamma irradiation, methanol and 
Introduction
Heavy metal pollution is one of the major ecological concern on world scale due to its dramatically increase caused by both anthropogenic and natural sources [1] . However, a dramatic increase of heavy metals into the environment related to anthropogenic activity such as untreated urban sewage sludge discharge, mining, industrial wastes, smelting and so many other human activities [2] . The occurrence of high levels of toxic metals in the environment has a potential threat to the human [3] . In this context, environmental exposure to cadmium (Cd 2+ ) and copper (Cu 2+ ) ions are associated with health effects on various organs, including bone demineralization, lung cancer, renal disease, and liver injury. [4] . Nowadays, it is well known that aquatic ecosystems are directly or indirectly the end destinations of these substances [3] and to preserve environmental quality, management of wastewater containing heavy metals has been one of the most prominent challenges in the past few decades [5] . However, the commonly used procedures to remove the toxic heavy metals (Cu 2+ and Cd 2+ ) from wastewater before discharge into the environment include ion exchange, chemical precipitation, adsorption, membrane filtration, supercritical fluid extraction, electrochemical process, advanced oxidation process and membrane bioreactors [6] . Most of these methods still present limitations in terms of their high installation costs, secondary pollution and complex operation [7] . To overcome such limitations, the development of new eco-friendly methods to reach high removal efficiencies is always highly desired [8] [9] [10] . Impressively, different types of adsorbents were prepared such as layered double hydroxide-based nanomaterials [7] , metal-organic framework-based materials [8] , boron nitride-based materials [9] and polymer-based 1 3
nanocomposites [10] has recently received increasing attention for its merits as a highly efficient, versatile and easy-to-operate technique for removal of inorganic pollutants (e.g., heavy metal ions) from wastewater solution.
Radiation treatment including ionizing radiation (gamma ray, high-energy electrons, etc.) is an emerging wastewater treatment technology for purification of water, municipal and industrial wastewater [11] and can be utilized for the reduction of certain metal ions to insoluble forms [12] . Gamma irradiation process generates several chemical species simultaneously at nearly equal amount oxidizing and reducing species in water radiolysis as described in Eq. 1 including hydroxyl radical (OH · ), solvated or hydrated electrons ( e − aq ), and hydrogen atoms (H · ) [13, 14] . The radiation yield of these chemical species in term of G-values is given in brackets, which was defined as the number of produced or decomposed molecule per 100 eV absorbed energy at pH 7 (× 10 −7 mol j −1 ) [15] . Among the product formed, OH · radical is a strong oxidant with an oxidation potential of 2.72 V, whereas e − aq and H · is a powerful species with a reduction potential of − 2.9 and − 2.3 V, respectively [14] . These radiolysis products are primarily responsible for the degradation of water pollutants by ionizing radiation [13] .
A single using of ionizing radiation requires sufficiently high absorbed doses to reach a higher removal of the substance, which is not economically acceptable for practical application [11] . In these regards, ionizing radiation is better combined with other techniques such as radiocatalysis and chemical additives to improve the degradation efficacy and reduce the cost [14, 16] .
Previous studies focused mostly on the treatment of some heavy metals from water using single ionizing radiation [5, 12, 17] or photocatalysis [18, 19] . However, the literature review showed there is a lack of published studies on the removal of Cu 2+ and Cd 2+ ions from water and wastewater by gamma irradiation and its combination with TiO 2 radiocatalyst and methanol. Radiocatalysis is a process that merges photocatalysis and radiolysis [20] . However, unlike photocatalysis, the mechanism of radiocatalysis reaction has not been fully investigated [21] and expected to be similar to photocatalysis, where the gamma radiation excites the oxides to produce electrons and holes in the surface [20] . Hence, this study aims to evaluate the integrated effects of different factors such as solution pH, nano-sized TiO 2 catalyst (radiocatalyst) and methanol (OH˙ radical scavenger) on removal efficiency of Cu 2+ and Cd 2+ ions from wastewater by different levels of gamma irradiation.
(1) ions. The nitrate anion metal salts instead of chloride were selected due to better dissociation and hence increased the extent of metals photocatalytic reduction reported by Khalil et al. [19] . Approximately 20 L of effluent was collected in a sterilized special recipient before the chlorination treatment. The effluent was used after filtration by 0.45 μm Whatman filter paper. Chemical properties of effluent used in this study were summarized in Table 1 . The effects of solution pH and additives such as TiO 2 nanoparticles (NPs) and methanol (MeOH) on removal of Cd 2+ and Cu 2+ ions were investigated. Solution pH levels were acidic (4.5) and basic (9.0 and 12) and were adjusted using 0.1 M HCl and 0.1 M NaOH solutions. The pH levels used in this research selected with taking into account pK a equations of oxidizing species (Eqs. 2, 3, 4) [22, 23] occurrence forms of heavy metals [17] and surface charge of NPs (Eqs. 5, 6) [18] . MeOH (CH 3 OH, ≥ 99.9%) and TiO 2 NPs powder (Degussa P25 consisting of 80% anatase and 20% rutile) were purchased from Merck and Degussa Companies (Evonik Industries, Germany), respectively. Specific surface area and average particle size of TiO 2 NPs powder are about 50 m 2 g −1 and 21 nm, respectively, and confirmed by transmission electron microscopy (TEM) and scanning electron microscope (SEM) imaging as introduced by the manufacturer company (Fig. 1 ). For TiO 2 NPs treatment, it was dispersed in the solution at a concentration of 2 g L −1 and was magnetically stirred to ensure homogeneous distribution of the radiocatalysts throughout the solution during irradiation [19] . MeOH as OH˙ radical and valence band holes scavenger was added at a concentration of 10% by volume to decrease oxidizing species and reduce electron-hole recombination. MeOH concentration was selected based on 1% it is destroying at the absorbed dose of 1 kGy [13] and high doses used in this research. Solution pH was recorded in the presence and absence of 2 g L −1 TiO 2 NPs [16] and 10% (v/v) MeOH and the pH of mentioned treatments was adjusted to 4.5, 9 and 12 after MeOH and TiO 2 NPs additions. The physical adsorption of metal ions by the TiO 2 NP powder in the suspension systems was confirmed by measurements without irradiation (removal after allowing to stand 48 h to reach equilibrium by dark reaction) [18] . To eliminate over-and underestimation of physical adsorption, the dark reaction was carried out under average time of sample irradiation and held under similar environmental conditions for samples being irradiated. After centrifuging of samples with and without gamma irradiation (control or physical adsorption) for 10 min at a relative centrifugal force (RCF) 2810×g, the Cd 2+ and Cu 2+ concentrations were determined.
Gamma irradiation
Samples (50 mL each) were exposed to gamma rays at room temperature from a gamma cell 60 Co source (with dose rate of 432 Gy h −1 and specific activity of 1000 Ci) with different absorbed doses of 0, 5, 10 and 20 kGy at the Nuclear
Agriculture Research School, Nuclear Science and Technology Research Institute, Karaj, Iran. In this study lower dose was not chosen because irradiation with lower dose was not sufficient for complete removal of heavy metals from solution [5] . The dose of radiation was determined by the standard Fricke dosimeter.
Sample analysis
Some chemical characteristics of effluent used in this study including biochemical oxygen demand (BOD 5 ) (method 5210B), chemical oxygen demand (COD) (method 5220B), pH and EC (methods 4500-H + B and 2510 B, respectively), turbidity (method 2130 B), nitrate (NO 3 − −N) (method 4500-NO 3 B), phosphate (P) (method 4500-P E), potassium (K) and sodium (Na) by flame photometer (methods 3500-K B and 3500-Na B, respectively), calcium (Ca), magnesium (Mg), manganese (Mn), lead (Pb), zinc (Zn), iron (Fe), Cu and Cd by direct air-acetylene flame atomic absorption spectrophotometer (method 3111B) according to the "Standard Methods for the Examination of Water and Wastewater" [24] were determined. In addition, the concentrations of dissolved Cu 2+ and Cd 2+ ions in irradiated and non-irradiated samples after centrifuging (Selecta lab, model Tl 320) were measured as mentioned above method (method 3111B). Overall, concentrations of Ca, Mg, Cu, Zn, Pb, Cd, Fe, Mn and Ni were analyzed using atomic absorption spectrophotometer Shimadzu model AA-6300, Japan, Na and K by flame photometer, Corning-410, pH by pH meter model Mettler Toledo Instrument Co. Ltd., MA235, electrical conductivity (EC) by JENWAY EC meter model 4320, P by SU6100 spectrophotometer, Philler Scientific, USA, Turbidity by turbidity meter AL250T-IR and 
Metal ions removal efficiency and radiation chemical yield of solute (G-value)
The G-value is defined as the number of species (e.g., molecules, radicals, and ions) changed in solutions by absorbing and ƞ degradation efficiency (%) [15, 23] .
Dose constant
Dose constant (K 1 ) was calculated from the slope of the natural logarithm (ln) of the metal ion concentrations in mol L −1 versus the dose (kGy). Dose constant (K 1 ) was used to calculate the dose required for 90 and 99% of solute removal (D 0.9 and D 0.99 , respectively) using the following equations [15, 23] :
Statistical analysis
Data were subjected to analysis of variance as two factorial experiments (4 × 2×2 in acidic and 4 × 2×2 × 2 in basic conditions) with three replications (n = 3) based on completely randomized design using SAS software (computer SAS software version 9.1; CoHort Software). Finally, 16 and 32 treatments in acidic and basic solutions, respectively, were applied based on combinations of absorbed doses (0, 5, 10 and 20 kGy), pH ). Duncan's multiple range test (p < 0.05) was used to evaluate the significance of differences between the treatments means. All quantitative data were shown as the mean ± standard error. The Excel software (Excel software 2013, Microsoft Inc., WA, USA) was used to draw figures.
Results and discussion

Dark reaction or physical adsorption of Cu
2+
and Cd
2+ ions from aqueous solution in different conditions
The effects of pH, TiO 2 NPs and MeOH on the removal of heavy metals (Cu 2+ and Cd 2+ ) by dark adsorption were summarized in Figs. 2a, 3a and b. As seen, the removal of Cd 2+ and Cu 2+ ions was affected by pH and additives; so that the most of the Cd 2+ and Cu 2+ (≥ 90 and 95%, respectively) were removed under pH ≥ 9.0 with and without MeOH and TiO 2 NPs additions. It is well known that in the pH > pH zpc (pH 9.0 and 12) the surface charge of TiO 2 NPs is negative [25] and a significantly high electrostatic repulsive forces exists between the negatively charged sites of the adsorbent and Cu(OH) 3 − , Cu(OH) 4 2− , Cd(OH) 3 − and Cd(OH) 4 2− ions (predominant species at higher pH region), and thus results in a decrease in the adsorption capacity. With addition of MeOH, it can be adsorbed on TiO 2 NPs surfaces either molecularly or dissociatively [26] and affects the adsorption of the metal ions from solution. At alkaline solution, MeOH is deprotonated and negatively charged [27] ; because of negative-negative electrostatic repulsion, MeOH adsorption is strongly retarded. According to these results, precipitation, and not adsorption, was responsible for the removal of Cu 2+ and Cd 2+ ions. In addition, both Cu 2+ and Cd 2+ ions could be effectively removed by the combined application of MeOH and TiO 2 NPs under acidic pH condition, although using of TiO 2 NPs alone significantly increased adsorption of Cd 2+ . Generally, removal of Cu 2+ and Cd 2+ ions by physical adsorption in different treatments was less than 15% and adsorption of Cd 2+ was better than Cu 2+ (Fig. 2a) . It is well-established that in the pH < pH zpc (pH 4.5), the positively charged sites of nano-adsorbent dominate or the number of negatively charged sites decreases [28] , this enhances the repulsion forces existing between the NPs surface and the Cu 2+ and Cd 2+ ions (predominant species at lower pH region), and therefore decreases the ions adsorption. However, the excess adsorption of Cd 2+ rather than Cu 2+ could be attributed to competitive adsorption ability varies from one metal to another that is related to many factors, such as molecular mass, ion charge, hydrated ionic radius and hydration energy of the metals [28] . It is believed that partial dehydration of the hydrated Cd 2+ and Cu 2+ ions (predominant ions under acidic pH condition) must have occurred to adsorb on the surface of adsorbent and among the two metals assayed, Cd 2+ with the lowest hydration energy (1807 kJ mol −1 ) relative to Cu
2+
(2100 kJ mol −1 ) [29] , may facilitate the hydrated Cd 2+ ions more easily adsorbing on the NPs. After application of MeOH at low pH condition, this molecule can be adsorbed on the oxidized surface of TiO 2 NPs through the formation of a hydrogen bond with free surface hydroxyl groups or with a bridging oxygen anion [30] . So that, using MeOH and MeOH + TiO 2 NPs in dark reaction, Cu 2+ and Cd
ions could be removed by interaction between divalent metal ions and substituents of MeOH such as hydroxyl (OH), etc., and then be adsorbed on TiO 2 NPs surface and be precipitated as a result of dark reaction. The mechanisms of interactions between carbonyl, hydroxyl, and carboxyl groups of humic acid to remove Cu 2+ , Co 2+ and Sr 2+ ions from wastewater have been reported by Zaki and El-Gendy [5] . Generally, in pH 4.5, no precipitation in dark reaction and little removal was observed due to the adsorption process (Fig. 2a) .
Effect of solution pH on Cu 2+ and Cd 2+ ions removal by gamma irradiation
Increasing of pH values to 9.0 and 12 resulted in precipitation of Cd and Cu hydroxides and due to uncertainty to the results, it was not possible to carry out irradiation effects on removal of Cu 2+ and Cd 2+ ions at higher pH values (Fig. 3a, b) . At low pH values (Fig. 2a, b) , the removal of Cu 2+ and Cd 2+ ions through using different doses of gamma irradiation can be effective. However, high removal percentages were achieved at high absorbed doses. In other words, by increasing irradiation dose, the radical species and removal efficiency were increased. For example, in pH 4.5 and absorbed dose 20 kGy, the removal percentages of Cu 2+ and Cd 2+ ions reached 35.4 and 25.5%, respectively (Fig. 2b) . Generally, it was shown that the kinds of reactive species (Eqs. 2, 3, 4 and 11, 12, 13, 14) and occurrence forms of pollutants are dependent on the solution pH [17] . Therefore, the value of pH is an important factor to affect metal ions removal by ionizing radiation.
In addition, in aqueous solution, speciation of Cu 2+ and Cd 2+ ions showed that the solution pH determines their occurrence forms to a great extent. Cu 2+ and Cd 2+ ions predominate in the pH range of 3-6 and 3-8, respectively. At pH values above 8.0 and 11, all Cu and Cd exist as hydroxo-complexes. For example, Cu(OH) + , Cu(OH) = − 0.403 V) at the same concentration and pH value, which can be characterized by the reduction potentials of their metallic couples based on normal hydrogen electrode as the reference electrode [32] . Furthermore, as indicated in Table 1 , effluent used in this study has some inorganic anions and cations, etc., which can react with reactive chemical species formed during irradiation, decreasing availability of these species to reach target pollutant and would accelerate or decelerate the removal depending on the type of pollutants [14] . In other words, the removal rate of pollutant may largely be influenced by physicochemical properties of background matrix. In particular, it was found that the percentage removal of metal in this research was lower than other studies conducted in Milli-Q water [17] . In addition, it is well known that inorganic ions such as CO and SO 4 2− and dissolve oxygen and residue dissolved organic substances, and are commonly detected in the treated effluent [24] might compete with the target pollutant for reactive species [14] . Guo et al. [17] concluded that existence of organic carbon in water resources could decelerate the removal of heavy metals and it was gradually decreased with increasing gamma radiation dose. Therefore, it is expected that removal efficiency of heavy metals in wastewater was lower in the presence of onions that highly react with reducing species.
Mechanisms of heavy metals removal by TiO 2 NPs, MeOH and gamma irradiation
Generally, in the metal-NP system, when TiO 2 NPs suspended in water are combined with irradiation, a gamma ray can be directly absorbed by them. In this process, electron-hole pairs are radio-generated on the surface of the semiconductor by valence band (VB) electrons leaving holes ( h + vb ) and promoted to the conduction band (CB) ( e − cb ). The holes and electrons can either undergo direct recombination or diffuse separately to the surface of the NPs, where the holes react with adsorbed water or hydroxyl groups to form adsorbed OH˙ and H + . These OH˙ radicals can combine to form H 2 O 2 or they can attack the solute to produce intermediates and end products. Moreover, the electrons can be donated to oxygen to form superoxide radical which can enter into a chain reaction to produce H 2 O 2 and HO 2 · (Fig. 4 ) [16] .
In addition, with addition of reductant to the metal-NP system, reductant scavenger oxidizing agent and accept holes, and subsequently, accelerate the radiocatalytic reduction of metal ions [5] . The destruction and mineralization of reductant in the metal-reductant-TiO 2 NP system related to the absorbed dose [13] and it could form CO 2 (Fig. 3a, b) , the results differed from acidic solutions and TiO 2 NPs had significant effect on removal of both Cu 2+ and Cd 2+ ions but due to removal of the most Cu 2+ and Cd 2+ ions by precipitation in pH 9.0 and 12 and considering physical adsorption from the other side, the effect of irradiation on metal removal in basic solutions was negligible and was less than 5% of total removal. Thus, due to the results' uncertainty and negligible removal in pH 9.0 and 12 by irradiation, further discussion is done about results of the acidic solution in the following.
Radiocatalytic degradation efficiency of metals using TiO 2 NPs is affected by the solution pH. The surface charge of TiO 2 radiocatalysis is related to the IEP (isoelectric point or point of zero charges) and variation of suspension pH. In acidic (under isoelectric point) and alkaline (over isoelectric point) conditions, the titania surface can be positively or negatively charged by protonation or deprotonation, respectively [25] . In the case of TiO 2 Degussa P25 NPs, the isoelectric point is approximately 6.25 as introduced by the manufacturer and is consistent with those reported in other studies [25, 34] . Hence, the particle surface of TiO 2 NPs at pH value below and above 6.25 is positively and negatively charged by protonation or deprotonation, respectively. However, in lower and over IEP of TiO 2 NPs, the NP surface and occurrence form of metals have the similar charge. Due to repulsion forces of chemical metallic species and particle surface, it is unable to directly interact with the particle surface. Thus, because of the occurrence of the radio-catalytic reduction on the surface of the catalyst rather than in the bulk solution [18] , the effect of TiO 2 NPs on the removal of Cu 2+ ion by gamma-ray treatment was not found to be pronounced, only a little more efficient at a 2 g L −1 TiO 2 concentration than in the absence of it under the same absorbed dose. On the other hand, it is well known that strong tendency to settlement and aggregation of TiO 2 NPs have an impact on nanoparticle adsorption and reactivity, so that aggregation and settlement would lead to the decrease in active surface area and radiocatalytic activity [35] . Thus, to ensure effective contact of the TiO 2 NPs and target pollutant, suspensions required continuous stirring to preventing catalyst settlement and aggregation [36] . The decreasing surface catalyst by settlement and aggregation and repulsion forces existing between the sorbent surface and chemical species may explain no significant effects of TiO 2 NPs on Cu 2+ ion removal. Moreover, radiocatalytic reduction of dissolved metal to zero valence state with capturing of radio-generated CB electron depending on the redox chemical species [19] . Therefore, for radio-reduction or radio-oxidation of a chemical species, the CB or VB of the semiconductor must be more negative or positive than the reduction or oxidation potential of the chemical species, respectively. As shown in Eqs. 5 and 6, the redox potentials of CB and VB are pH dependent and the increase of solution pH makes the redox of CB and VB to shift to more cathodic potentials by 59 mV per pH unit. Thus, it could be one reason for removal of metals by irradiation at high pH values. On the other hand, unlike Cu 2+ , the Cd 2+ reduction potential is more negative than the radio-generated CB electrons, thus it cannot be reduced thermodynamically by CB electrons [18] . It is necessary to mention that although thermodynamical reduction of Cd 2+ ion by nanoparticle is not feasible but significant removal of that by combination of nanoparticle and gamma irradiation could be attributed to its strong physical adsorption on the radiocatalyst.
In [16] and methanol oxidation adsorption [30] on semiconductor TiO 2 particle surfaces by gamma ray. (1) Excitation source (gamma ray) (2) radio-generated charges migrate to the catalyst surface (3) radio-generated electrons leaving holes (h with O 2 to produce superoxide radical (9) radio-catalytic reduction of dissolved metal ions to lower valence state with capturing of radio-generated e − cb (10) reaction of superoxide radical with the added methanol to form other species (11) methanol and methoxy species adsorption to TiO 2 NPs (12) radiation-induced damage in the catalyst surface (13) secondary electrons (14) methoxy radical to formaldehyde and/or formate conversion the metal-reductant-TiO 2 NP coexisted systems must be more efficient than metal-TiO 2 NP system [5] . Although the metal-reductant-TiO 2 NP system in some cases has been studied [5, 18, 19] but it is not yet well understood with and without gamma-ray and MeOH treatment. However, due to decreasing oxygen concentration via oxygenconsuming reactions during irradiation, the oxygen-free conditions could take place in solution, especially using higher absorbed doses [37] . On the other hand, with taking into account MeOH destruction and mineralization related to the absorbed dose [13] , the predominant indirect radio-oxidation of MeOH in the presence of water [38] , protonation and deprotonation of nanoparticle [25] and MeOH with changing pH, the radiocatalytic oxidation of MeOH depends on the absorbed dose, solution pH, the presence of water and the concentration of O 2 . Kongmany et al. [13] reported that at 1 kGy absorbed dose, the most of 1% by volume MeOH molecules would be destroyed and mineralized to CO 2 and H 2 O. It is noteworthy that the addition of methanol (10% by volume) in 5 kGy is sufficient for scavenging oxidizing agent, but it is not completely mineralized to CO 2 [38] reported that MeOH adsorbs to TiO 2 NPs into two adsorption mode: physisorbed as molecular CH 3 OH (mobile) and chemisorbed as a CH 3 O − (relatively stable). In the presence of water, CH 3 OH/ CH 3 O − is involved in a reversible hydroxylation/dehydroxylation at the TiO 2 NPs surface. In addition, many previous studies showed that the CH 3 O − produces more favorable hole-trapping sites than CH 3 OH at room temperature, thereby prolonging the lifetime of CB electrons [26, 30] . On the other hand, at the metal-MeOH-acidic solution system, in addition to scavenging oxidizing species by MeOH, the acidic intermediate of MeOH such as HCOOH could combine with metal ions and affects its removal from wastewater [5] . However, at the higher absorbed dose (20 kGy) in lower and higher pH values, MeOH may be mineralized and would not supply better scavenging oxidizing species and hole acceptor.
G-value of metal ions removal from aqueous solutions under different conditions
G-values for Cu 2+ and Cd 2+ ions removal from aqueous solutions under different conditions are compared in Table 3 . This table shows that, in general, G-values were increased by increment of the solution pH in order of pH 12 > pH 9.0 > pH 4.5 regardless of the type of the treatment, showing that Cu 2+ and Cd 2+ ions removal processes are more effective under the solution pH 12 conditions. This result could be attributed to precipitation (not irradiation effect) and its role on metal removal.
However, the results showed that the G-value was decreased with the increase of absorbed dose in both acidic and basic solutions in the same treatments (Table 2) . According to this result, efficiency of the gamma irradiation process decreases with longer gamma exposure time. This trend can be attributed to (1) the recombination reactions of radical-radical, (2) the competitive for solute molecules between the reactive radicals and (3) the competitive reactions for radicals between the solute and reaction by-product [15, 39] ; thus, the radical concentration for reaction with Cu 2+ and Cd 2+ ions reduced. Although the G-values were increased with adding TiO 2 NPs and/or MeOH separately and in combination, the increasing amount in acidic condition was greater than the basic condition and the highest value was attained from the 5 kGy gamma dose + MeOH + TiO 2 NPs for both Cu 2+ and Cd 2+ ions (Table 2) . Therefore, it can be assumed that e − aq and H˙ radicals produced in the presence of additive may remove Cu 2+ and Cd 2+ ions more effectively. The reasons may include the following: a stronger OH˙ scavenger compared to e − aq and H˙ and donating the electron to radio-excited holes by MeOH and radio generation of the electron from CB of TiO 2 NPs. The radiation chemical yield trend reported here is consistent with published findings for radiolytic degradation of Cd 2+ and Pb 2+ ions in the presence of sodium carbonate as scavenger OH˙ radical [17] .
Overall, it should be mentioned that according to the G-value equation, the subtraction between solute concentration before and after irradiation is located in the numerator and absorbed dose in the denominator. The denominator of the G-value equation cannot be zero. The G-value cannot be calculated for removal of Cu 2+ and Cd 2+ ions under different additions of pH, methanol and TiO 2 NPs in without irradiation treatments (the denominator cannot be zero). Thus, due to the inability to eliminate the effects of physical adsorption and precipitation of metals ion in the G-value equation, its values are far from reality in mentioned condition. Therefore, the G-value content is not recommended for comparing the efficiency of the irradiation in basic solution or under radiocatalysis condition.
Dose required for 90 and 99 percentages of metal ions removal from aqueous solutions under different conditions
According to the concentrations of some primary active species calculated from G-values given for Eq. 1 [(target pollutant) ≤ (active species)], it has been found that the relation between the removal of Cu 2+ and Cd 2+ ions in the solution and the absorbed dose is well subject to the first order kinetics model, which is described as follow [5] :
The linearization of the exponential Eq. 15 by natural logarithm (Eq. 16) gives straight line and slope of this straight line would be the dose constant "K 1 ". Where C 0 is the initial concentration of the Cu 2+ and Cd 2+ ions before irradiation (mol L −1 ), C is the concentration of the Cu
2+
and Cd 2+ ions at any applied dose (mol L −1 ), D is the absorbed dose (kGy), and K 1 is the rate constant or dose constant (kGy −1 ). As shown in Fig. 5a -f, the experimental data were better fitted and linearized with minimum error (more r 2 ) according to Eq. 16 (Table 3) ; for reduction of Cu 2+ and Cd 2+ ions in solutions under different conditions on the entire dose range, except for some treatments, i.e., gamma + MeOH, gamma + MeOH + TiO 2 NPs at pH 4.5 for both Cu 2+ and Cd 2+ ions ( Fig. 5a and d, respectively), gamma + MeOH + TiO 2 NPs at pH 9.0 for Cd 2+ ion (Fig. 5e ), gamma + MeOH and gamma + MeOH + TiO 2 NPs at pH 12 for Cd 2+ ion (Fig. 5f ) when the absorbed dose was less than 10 kGy. Based on the K 1 at different conditions, D 0.9 and D 0.99 , the required doses to reduce 90 and 99% of initial concentration are shown in Table 3 . At any applied pH, in
the presence of TiO 2 NPs and MeOH either separately or in combination, dose constant has relatively higher values, so that higher increase was observed in MeOH alone application or in combination with TiO 2 NPs (Table 3 ). This shows that Cu 2+ and Cd 2+ ions can be removed at a faster rate with MeOH addition in separately or in combination with TiO 2 NPs.
In addition, our results showed that D 0.9 and D 0.99 for removal of Cu 2+ and Cd 2+ ions were decreased with the addition of MeOH and TiO 2 NPs in separately and in combination for all pH levels; so that the highest reduction in required absorbed dose for complete removal of metal ions from the solution was obtained by integrated application of MeOH and TiO 2 NPs (Table 3 ). This could be used as a tool for comparison of the radiolysis-based experiments. Thus, it can be distinguished from [39] , electron production due to gamma irradiation of TiO 2 NPs [14] , occurrence forms of contaminants [17] and reactive species generated during water radiolysis [14] . Similar results were also reported by other researchers for different additives in water [12] and wastewater [5] .
Limitations and research aspects for the future
At the end, ionizing radiation technique could be regarded as rapid method for heavy metal removal and the time consuming to remove metals depends on specific activity of isotopic sources for gamma irradiation and/or energy and power of machine generated ionizing radiation (electron beam) [40] . Although there are some environmental concerns such as waste material (sludge) and/or by-product generated by the system and the possible post-treatment required, initial capital cost and affordable the proposed system compared with the conventional methods, the successful use of the system to remove other metal ions, possible to directly integrate the system developed in this study to conventional sewage treatment facilities, etc. It is evident from the literature survey that (1) there is very low data regarding initial capital cost, successful implementation, affordable and directly integrate system (ionizing radiation process) to conventional sewage treatment facilities for heavy metal decontamination of effluent and strongly required to be further explored. However, it is well-established that to realize a process utilizing ionizing radiation, the electron beam accelerator and not gamma irradiation would employ cost-effective in commercial plant [11] , but it should be noted that isotopes are convenient and uncomplicated sources of radiation and by far, most experimental works have been done using isotope gamma-ray sources and most of the comments made gamma ray are equally applicable to other sources of ionizing radiation [40] . (2) Using ionizing radiation in combination with NPs and/or reductant (MeOH) has some limitations such as produced sludge and unknown byproducts. Major part of produced sludge is radiocatalyst particle, thus separation of catalyst particles from the treated effluent is necessary and coupling of the radiocatalysis with membrane technology seems hopeful [41] . In addition, the use of TiO 2 thin films rather than suspended form (particle) could be proposed for investigation in future studies. So that, thin film application obviously overcomes the disadvantage of separate catalyst from liquid at the end of the experimental period [36] . Unknown byproducts especially at low absorbed dose are likely to be raised as an environmental concern and strongly required to be further explored by pulse radiolysis and other modern analytical techniques including liquid chromatography-mass spectrometry, gas chromatography-mass spectrometry, ion chromatography, etc. (3) From other metal ions removal standpoint, which have physicochemical properties different from those of Cu 2+ and Cd 2+ ions, it could be mentioned that the potential removal ability varies from one metal ion to another and is related to many factors, such as reductive potential, hydrated ionic radius and hydration energy of the metals. [28] .
Conclusions
In basic solutions (pH of 9.0 and 12), the main reason for Cu 2+ and Cd 2+ ions removal was precipitation as hydroxocomplexes (≥ 90% and 95%, respectively), so that removals by physical adsorption and gamma irradiation with and without MeOH and TiO 2 NPs additions were negligible with a total of less than 10%. In acidic solution (pH 4.5), gamma irradiation is proved to be an efficient method for removing Cu 2+ and Cd 2+ ions from wastewater. Cd 2+ had high physical adsorption capacity on the TiO 2 NPs, but Cu 2+ had higher removal percentage by gamma irradiation at the same experimental conditions. The removal kinetics of Cu 2+ and Cd 2+ ions by reducing species under different conditions could be described by the first order kinetic equation. The removal efficiency was dependent on the absorbed dose, pH and presence of MeOH and TiO 2 NPs. Removal of Cu 2+ and Cd 2+ ions was facilitated in low pH conditions and combined using of MeOH and TiO 2 NPs. The complete removal was achieved using an absorbed dose about 50 kGy with combined application of MeOH and TiO 2 NPs in acidic solution. At any applied solution pH, the dose constant has relatively greater values for the studied metal ions in the combined TiO 2 NPs and MeOH treatments and was about six times greater than that of without these additives in acidic solution. 
